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Identification and Characterization
of the Mouse Obesity Gene tubby:
A Member of a Novel Gene Family
Patrick W. Kleyn,* Wei Fan,*³ Steve G. Kovats,*³ demonstrated by twin studies and adoption studies, as
well as population-based studies (Price et al., 1987,John J. Lee,*³ Jacqueline C. Pulido,* Ye Wu,*
1990; Hewitt et al., 1991; Allison et al., 1994).Lucy R. Berkemeier,* Don J. Misumi,* Lisa Holmgren,*
Several monogenic murine obesity models have beenOlga Charlat,* Elizabeth A. Woolf,* Olga Tayber,*
characterized including obese (ob), diabetes (db), fatThomas Brody,* Pei Shu,* Fiona Hawkins,*
(fat), agouti yellow (Ay), and tubby (tub) (for review, seeBrenda Kennedy,* Linda Baldini,² Chris Ebeling,²
Friedman et al., 1991). The agouti and more recently,Geoffrey D. Alperin,* Jim Deeds,* Nathan D. Lakey,*
the obese, diabetes, and fat genes have been clonedJanice Culpepper,* Hong Chen,*
and the mutations in these genes leading to obesityM. Alexandra GluÈ cksmann-Kuis,* George A. Carlson,²
defined (Miller et al., 1993; Zhang et al., 1994; NaggertGeoffrey M. Duyk,* and Karen J. Moore*
et al., 1995, Tartaglia et al, 1995; Chen et al., 1996).*Millennium Pharmaceuticals, Inc.
The obesity associated with agouti-yellow mouse ap-640 Memorial Drive
pears to be the consequence of ectopic expression ofCambridge, Massachusetts 02139
a secreted protein encoded by the A locus. The mutation²McLaughlin Research Institute
underlying the fat phenotype has been shown to befor Biomedical Sciences
within the gene encoding carboxypeptidase E (CPE),1520 23rd Street South
a prehormone-processing enzyme. The mechanism byGreat Falls, Montana 59405
which the fat and Ay mutations result in obesity is not
yet understood. Classical parabiosis experiments sug-
gested that ob encodes a circulating factor and that dbSummary
may encode the receptor for the OB protein (Coleman,
1973). The recent cloning of these genes appears toThe mutated gene responsible for the tubby obesity
confirm these predictions. ob encodes a secreted pro-phenotype has been identified by positional cloning.
tein (leptin) that may function to signal fat depot levelsA single base change within a splice donor site results
to the brain and other tissues (Campfield et al., 1995).in the incorrect retention of a single intron in the ma-
The db locus encodes a high affinity receptor for leptinture tub mRNA transcript. The consequence of this
(OB-R; Chen et al., 1996). OB-R is a single membrane-mutation is the substitution of the carboxy-terminal
spanning receptor most closely related to the gp13044 amino acids with 24 intron-encoded amino acids.
cytokine receptor signal-transducing component (Tar-The normal transcript appears to be abundantly ex-
taglia et al., 1995).pressed in the hypothalamus, a region of the brain
Coleman and Eicher (1990) reported an autosomalinvolved in body weight regulation. Variation in the
recessive mutation for obesity in mouse. This mutation,relative abundance of alternative splice products is
called tubby (tub) arose spontaneously in a C57BL/6Jobserved between inbred mouse strains and appears
colony. This is theonly known allele of tub. Homozygousto correlate with an intron length polymorphism. This
tub/tub mice, depending on sex and strain background,allele of tub is a candidate for a previously reported
are recognizable by increased body weight at three todiet-induced obesity quantitative trait locus on mouse
six months of age. Once the weight gain is apparent, itchromosome 7.
is rapidly progressive and often results in animals that
weigh twice as much as their littermate controls. Matu-
Introduction
rity-onset obesity is also characteristic of the fat mouse
and is reminiscent of the pattern of weight gain com-
Obesity (an abnormally high percentage of body fat rela-
monly observed in human populations. In contrast,
tive to lean tissue mass) is strongly associated with a
obese and diabetes mice begin rapid weight gain soon
number of common diseases that have a major impact
after birth.
on morbidity and mortality including type II diabetes, Tubby mice develop insulin resistance with their
hypertension, cardiovascular disease, hyperlipidaemia, weight gain but do not progress to overt diabetes. Con-
and some cancers (Grundy and Barnett, 1990). sistent with the absence of diabetes is the normal pa-
Genetic approaches provide one strategy for defining thology observed in histological examination of a tubby
the molecular components of the pathways involved in pancreas (Coleman and Eicher, 1990). In spite of the
the regulation of body weight. In human populations, fact that the tubby obese phenotype is inherited in a
the existence of a number of rare single-gene disorders recessive manner, some significant differences in lipid
strongly associated with obesity, such as Bardet-Biedl profiles and susceptibility to atherosclerosis have been
syndrome (Kwitek-Black et al., 1993) or the contiguous reported in tub heterozygotes (Nishina et al., 1994a,
gene syndrome known as Prader-Willi syndrome (re- 1994b). Whenfed an atherogenic diet, tubheterozygotes
viewed in Knoll et al., 1993), suggests that genetic mech- were found to have significantly raised levels of plasma
anisms can influence body weight. Susceptibility to obe- triglycerides and a reduced susceptibility to aortic fatty
sity in the general population appears to be a complex streak lesions, suggesting that there may be dominant
trait, and a significant genetic component has been effects of the tub mutation. The influence of strain back-
ground on the susceptibility of tubby animals to diabe-
tes, dyslipidemia, or atherosclerosis is unclear.³These authors contributed equally to this work.
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The chromosomal region containing the tub locus has After the initial discovery of the tubby mouse at the
Jackson Laboratory, the mutation was transferred to abeen implicated in two different polygenic mouse mod-
els of obesity and diabetes. Using a (C57BL/6J 3 Mus C57BL/6J-Hbbp congenic strain by directed breeding.
The resulting line was maintained by selection for heter-spretus) 3 C57BL/6J interspecific backcross (BSB),
Warden and coworkers (1995) mapped a quantitative ozygosity at the Hbb locus by electrophoretic analysis of
the protein polymorphism (Coleman and Eicher, 1990).trait locus (QTL) that contributes to diet-induced obesity
to a 25 cM interval on chromosome 7 that includes the Since all tubby mice derive from this maintenance stock,
the tub heterozygotes used to found our colony weretub locus. In this cross theMus spretus allele contributes
to increased body fat, cholesterol, and hepatic lipase heterozygous for a region encompassing Hbb and tub.
Therefore the maintenance stock animals could be ex-activity. Obesity in this model is far less severe than that
observed in the monogenic murine obesity models such ploited as a second segregating mapping cross. By gen-
otyping the parental congenic strain C57BL/6J-Hbbpas tubby or obese. Seldin and coworkers (1994) have
independently mapped a locus controlling insulin levels and C57BL/6J, we showed that the initial congenic inter-
val included the region between D7Mit39 and D7Mit222.to the same region on chromosome 7 in recombinant
inbred strains derived from C57BL/6J (diabetes suscep- In our tub colony the interval no longer extended beyond
D7Mit53, establishing this marker as distal to tub. Fur-tible) and A/J (diabetes resistant).
In this paper, we report the positional cloning and thermore, genotyping of 394 meioses from the mainte-
nance stock identified a single recombinant betweeninitial characterization of the defective gene in the tubby
obesity mutant. The wild-type transcript is predomi- tub and D7Mit130 that established this as the new distal
flanking marker. Combining this data from the mainte-nantly expressed in the brain. In situ hybridization shows
expression in the paraventricular, ventromedial, and ar- nance cross with the data from the tub 3 DBA F1 in-
tercross suggested that the minimal genetic interval forcuate neurons of the hypothalamusÐregions of the
brain involved in body weight regulation (Shor-Posner tubby was defined by D7Mit17 and D7Mit130. The esti-
mated distance between these genetic markers, basedet al., 1985). The tubgene undergoes alternative splicing
to produce at least two different transcripts. A distinct on genotyping of 982 meioses of the European back-
cross panel, is 0.25 cM. In total, combining both tubratio of these alternative tub transcripts is observed in
M. spretus. This allele of tub may be a candidate gene crosses, 1232 meioses were genotyped (European
Backcross Collaborative Group, 1994). The genetic or-for the previously reported obesity QTL that maps to
the tubby region on mouse chromosome 7. der and distances between all the informative markers in
the region as determined by genotyping of the European
backcross are shown in Figure 1A.Results
In order to build a resource for the recovery and order-
ing of additional genetic markers as well as a source ofGenetic and Physical Mapping
In anticipation of positional cloning, the tub locus was genomic DNA to support gene identification, a physical
map of the tub region was constructed (Figure 1B). Anprecisely localized by high resolution genetic mapping.
Mapping data was derived from two independent initial scaffold map was built by sequence-tagged site±
based (STS-based) polymerase chain reaction (PCR)crosses segregating the tubby phenotype. The larger of
the two crosses was a (C57BL/6J±tub 3 DBA/2J) F1 screening of available yeast artificial chromosome
(YAC) libraries using publicly available SSLP markersintercross from which 838 meioses were analyzed. Mice
were phenotyped for their weight. Our initial analysis of (D7Mit17, 127, 219, 63, 280, 235, and 236) as well as
markers generated from YAC DNA by a variety of stan-the segregation of the obesity phenotype in this cross
suggested sex differences in expression of the pheno- dard methods. YACs isolated from two independent li-
braries were assembled into a single contig spanningtype as well as the existence of phenocopies. Careful
review of the data established the following criteria for the entire tub interval.
To confirm the validity of our YAC contig and to facili-assigning affectation status: females >43 g were classi-
fied as tubby, < 35 g as normal, and 35±43 g as unknown; tate gene identification in the region, we constructed a
bacterial artificial chromosome/bacteriophage P1 (BAC/males > 55 g were classified as tubby and all others
classified as unknown. Both male and female animals P1) contig across the tub minimal genetic region. By
were phenotyped between 120 and 150 days of age. screening commercially available mouse BAC and P1
All F2 animals recombinant in the minimal region were genomic libraries using 25 STSs from the region we
progeny tested to confirm assignment of phenotype. identified a minimal tiling path of 13 P1 and BAC clones
Previous reports suggested that the tub locus was that spanned the tub region with the exception of a
closely linked to Hbb on mouse chromosome 7 (Cole- single gap between B15 and B12 (Figure 1B).
man and Eicher 1990; Jones et al., 1992). Analysis of
838 meioses from the tub 3 DBA segregating cross with
Identification of the Tubby Mutationsimple sequence length polymorphism (SSLP) genetic
Candidate genes were identified by three different meth-markers confirmed this localization and established that
ods. Initially, previously identified genes known to maptub lay between D7Mit17 and D7Mit281. Two indepen-
to mouse chromosome 7 or the human syntenic regiondent recombinants between tub and D7Mit17 estab-
(11p15) were further localized to the tub interval by ge-lished it as the proximal flanking marker. The identifica-
netic and physical mapping. The genes Rhombotin-1tion of 5 independent recombinants between tub and
(Boehm et al., 1991) and HTS1 (Lichy et al., 1992) bothD7Mit281 established the latter as a distal flanking
marker. map to the tub region and their location is indicated in
Identification of the tubby Gene
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Figure 1. Genetic and Physical Maps of the
tub Region
(A) Genetic map of the tub region derived
from the genotyping of the 982 meioses of
the European backcross panel. Numbers
above the line indicate WIGR D7Mit microsa-
tellite markers. Genetic distances in centi-
morgans are show below the line. Tub maps
to a 0.25 cM region flanked by D7Mit17 and
D7Mit130.
(B) Physical map of the tub region showing
the YAC and BAC/P1 contigs. STSs are indi-
cated at the top. Filled circles indicates a
clone that was positive for a given STS. YACs
were all isolated from the WIGR mouse YAC
library with the exception of M84 which was
obtained by screening the combined ICRF/
St. Mary's mouse YAC library. BAC and P1
clones were obtained from Research Genet-
ics and Genome Systems respectively. They
form two contigs separated by a gap between
B15 and B12. The library addresses of the
clones are as follows: M65 (67D4), M72
(66F5), M70 (14C6), M84 (eA17), M31 (2C12),
M33 (194F2), B14 (263D7), B13 (287P4), P8
(60), P5 (19), B5 (282L1), B4 (221D7), B3
(53G4), P14 (226), B1 (377M11), P1 (201), B2
(42H1), B15 (332L16), B12 (257G9).
Figure 1B. Additional genes were identified by a combi- C57BL/6J RNA. Screening of two independent cDNA
libraries using P8X1 and fume009,a 1.15kb partial cDNA,nation of exon trapping and sample sequencing (Buckler
et al., 1991; Claverie, 1994). Potential exons were clus- identified cDNA clones encompassing the entire coding
region. The sequence of the open reading frame andtered into putative transcription units based upon physi-
cal mapping information and/or by tissue expression the predicted translated polypeptide is shown in Figure
3A. Exon boundaries were determined by comparisonprofiles as assayed by Northern analysis or reverse tran-
scriptase±polymerase chain reaction (RT±PCR). of the cDNA sequence with genomic sequence obtained
from the exon trapped and random clones. A total of 12We identified several exons by exon trapping and se-
quence sampling of the P1 clone P8. RT±PCR analysis exons contain the complete open reading frame.
RT±PCR analysis using primers derived from two inde-of a subset of these exons demonstrated predominant
expression in whole brain and hypothalamus, sug- pendently isolated exons demonstrated a 0.4 kb size
difference between normal and tubby RNAs (data notgesting that they might be derived from a single gene
(data not shown). Northern analysis using one of these shown). Sequencing of these PCR products and those
amplified from the genomic DNA with the same primersfragments, P8X1, confirmed this restricted tissue distri-
bution and also revealed a transcript size difference revealed a single base pair substitution (G→T) in tubby
genomic DNAthat abolishes a donor splice site (GT→TT;between normal and tubby RNA (Figure 2). The wild-
type transcript (referred to as CBT9) was 7 kb and was Figure 3B). As a result, a 398 bp intron between exons
11 and 12 is not removed from the tub transcript ac-detectable only in brain. The transcript in tubby RNA
was z7.5 kb and about 4-fold more abundant than in counting for the change in size detected by RT±PCR
Figure 2. Altered Size and Abundance of
CBT9 in Tubby Mice as Compared with
C57BL/6J
(A) Northern analysis of 10 mg of total RNA
derived from 11 tissues from tub/tub (T) and
C57BL/6J (B) mice. Br, brain without hypo-
thalamus; Hy, hypothalamus; He, heart; Lu,
lung; Li, liver; Ki, kidney; Sp, spleen; St, stom-
ach; Mu, muscle; Fa, fat; Te, testis. RNA
marker sizes indicated in kilobases. Crosses
indicate the position of the 28S and 18S ribo-
somal RNAs.
(B) Control hybridization with b-actin.
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Figure 3. CBT9 Wild-Type and Tubby Geno-
mic, cDNA, and Predicted Polypeptide Se-
quences
(A) The underlined sequence indicates the
tubby mutant sequence after it diverges from
the wild-type sequence. Flags indicate exon
boundaries.
(B) Alignment of the wild-type (B6) andmutant
(tubby) genomic and cDNA sequences at the
boundaries of the unspliced intron. The aster-
isks indicate the intron that remains un-
spliced from the tubby mRNA.
and Northern analysis. An in-frame stop found 72 bp NZW/LacJ, P/J, PL/J, RIIIS/J, SEA/GnJ, SEC/ReJ, SM/J,
and 101/H. In all of these strains, the DNA sequence atinto the intron is presumed to result in premature termi-
nation of translation. The predicted tubbymutant protein the putative mutation site was identical to that observed
in the wild-type C57BL/6J.lacks the 44 carboxy amino acids encoded by the final
exon and instead contains 24 amino acids encoded by
the intron before the in-frame stop codon (Figure 3A). Variant Alternative Splicing in the M. spretus
Mouse StrainWe verified by direct sequencing a complete correlation
between presence of the observed sequence variation Previous QTL analysis of diet-induced obesity in an in-
terspecific F1 backcross, (C57BL/6J 3 M. spretus) 3and the tubby phenotype in all the recombinant mice.
tubby originally arose as a spontaneous mutation in C57BL/6J (referred to as BSB), has suggested tub as a
candidate gene (Warden et al., 1995). An independenta C57BL/6J colony in 1977 (Coleman and Eicher, 1990).
Thus, we might expect few sequence differences be- study exploring the geneticbasis for diet-induced diabe-
tes in A/J 3 C57BL/6J recombinant inbred strains hastween C57BL/6J and tubby genomes unrelated to the
mutation responsible for the obesity phenotype. Never- also suggested tub as a candidate gene (Seldin et al.,
1994). In order to test whether sequence variation at thetheless, to confirm that the sequence change we had
identified did not simply represent a polymorphism, we tub locus may be the basis of either of these QTLs, we
sequenced the entire coding region of tub in M. spretussequenced the splice site in the following 32 mouse
strains: M. spretus, A/J, AKR/J, AU/SsJ, BDP/J, BUB/ and A/J. We found no nonconservative amino acids
changes in either strain as compared to C57BL/6J, butBnJ, C57BR/cdJ, C3H/BuJ, C57BL/10J, C57L/J, C58/J,
C3HeB/FeJ, CE/J, CBA/J, DBA/1LacJ, DBA/2J, FS/Ei, we did detect variant alternative splicing in the M.
spretus strain. RT±PCR from mouse brain RNA usingHRS/J, I/LnJ, LG/J, LP/J, LT/Sv, MA/MyJ, NZB/B1NJ,
Identification of the tubby Gene
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Figure 4. Analysis of Alternative Splicing of
Exon 5 in Different Mouse Strains
(A) RT±PCR analysis of brain RNA from sev-
eral mouse strains using primers from exon
4 and 6 (P8X5R: CCG ACT CGA TTG CCA
GTG TA; CBT9R5: GGA GCT GTT TTC ATC
CTC ATC). RNAs were isolated from individ-
ual female (f) or male (m) mice except in lanes
1, 2, and 15 that were isolated from pooled
tissue from several male and female mice.
Lanes: 1, C57BL/6J; 2, C57BL/6J-tub/tub; 3,
129/J (f); 4, 129/J (m); 5, C57BL/6Ks (f); 6,
C57BL/6Ks (m); 7, M. castaneous (f); 8, M.
castaneous (m); 9, C3H/HeJ (m); 10, DBA/2J
(f); 11, FVB/N (f); 12, FVB/N (m); 13, LDJ/Le
(f); 14, LDJ/Le (m); 15, A/J; 16, M. spretus (f);
17, M. spretus (f); 18, M. spretus (f); 19, M.
spretus (m); 20, M. spretus (m); 21, M. spretus
(m); 22, water control. The size marker is the
100 bp ladder (GIBCO±BRL). Note that al-
though absolute quantitation in this experi-
ment is not possible, the relative abundance
of two bands within each lane can be inferred,
since both bands are amplified with the same
primers.
(B) Genomic PCR amplification using from
exon 4 and 5 (X4F1: TTC AAG AGG CCG ACT
CGA TT; X5R1: TTC CTC TGC ATC GTG GCA
C) shows the variation in intron size that cor-
relates with relative abundance of the two
RT±PCR products. Lanes: 1, C57BL/6J; 2,
C57BL/6J-tub/tub; 3, 129/J; 4, C57BL/6Ks;
5, M. castaneous; 6, C3H/HeJ; 7, DBA/2J; 8,
FVB/N; 9, LDJ/Le; 10, A/J; 11, M. spretus;
12, water control. The size marker is the 100
bp ladder (GIBCO±BRL).
primers from exons 4 and 6 results in two products Sequencing of the human coding sequence revealed a
high level of conservation between human and mouse(exons encompassing the open reading frame are num-
bered 1 to 12; Figure 3). Sequencing of these products at both the DNA (89% identity) and amino acid level
(94% identity) with a single additional amino acid in theshowed that they differ by the presence or absence of
exon 5 (amino acids 153±208). RT±PCR of RNA from human sequence. The carboxy half of the protein in
particular appears highly conserved. The final 260 aminoC57BL/6J mice consistently yields more of the product
containing exon 5. We found the same to be true for 7 acids in human and mouse differ by only a single residue
(Figure 5).other strains tested (129/J, C57BL/KsJ, DBA/2J, FVB/N,
C3H/HeJ, LDJ/Le, and A/J). However, RT±PCR from M. The tub gene encodes a hydrophilic protein (esti-
mated pI 5 9.2) that lacks any obvious secretory se-spretus brain RNA invariably shows greater abundance
of the product that lacks exon 5 (Figure 4). We showed quence, mitochondrial transit peptide, or transmem-
brane domain. It contains a region consisting of twothis in 6 independent M. spretus mice and also found
the same pattern with RNA from Mus castaneous mice. runs of serines separated by 8 acidic residues (amino
acids 191±211), which could serve as a hinge betweenGenomic PCR revealed that the intron preceding exon
5 is 0.5 kb shorter in both M. spretus and M. castaneous. domains of the protein. There are two potential dibasic
protease cleavage sites at positions 302 and 383 as wellSequencing of part of this intron showed that the donor,
acceptor, and branch point sequences are unaffected as two potential N-glycosylation sites at amino acids
205 and 426.by this deletion. This strain-specific genomic difference
may represent an allele of tub that leads to obesity only The carboxy half of the TUB protein is similar to sev-
eral sequences in the public nucleotide and protein da-in the context of a high fat diet. However, given the large
chromosomal region that contains the BSB obesity QTL, tabases: p4-6, a mouse testis cDNA (GenBank X69827);
F10B5.4 (GenBank Z48334), a C. elegans genomicit is not possible to conclude that the splicing variation
we have identified is responsible for the obesity QTL. sequence; DM87D3S, a Drosophila STS (GenBank
Z50688); and ys86c04.r1, a human retinal cDNA (Gen-This must await reconstitution of the M. spretus or M.
castaneous tub allele on a C57BL/6J background. bank H92408), as well as several rice, maize, and Arabi-
dopsis ESTs. The alignment of human and mouse tub
to all of these previously identified sequences is shownTUB Is a Member of a Novel Protein Family
A mouse CBT9 cDNA probe was used to isolate human in Figure 5. Regions that are completely conserved in
all of these sequences include the two dibasic aminocDNAs encompassing the entire open reading frame.
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Figure 5. Alignment of Murine and Human
TUB Amino Acid Sequences with Homolo-
gous Protein Sequences
Sequences aligned (from top to bottom):
mtub, mouse tub; htub, human tub; F10B5.4,
predicted C. elegans gene; p4-6, mouse
cDNA; H92408, human retinal EST; D40925
and D41453, rice ESTs; T18297, maize EST;
T43575, Arabidopsis EST. Conserved resi-
dues are shaded. The asterisks indicate the
potential dibasic protease cleavage sites and
the conserved cysteine residue.
acid residues and a cysteine as the penultimate residue Expression Studies of tub mRNA
of the protein. Given its complete conservation and its In situ hybridization of a sectioned, normal C57BL/6J
location within the region deleted in the tubby mutant, mouse brain with fume009, a partial CBT9 cDNA shows
it is likely that this cysteine residue is critical to the tubexpression primarily in the hippocampus, hypothala-
normal functioning of this class of protein. mus, and cortex (Figure 6). Weaker hybridization can
With the exception of the mouse testis cDNA p4-6, be seen throughout the brain. The significance of this
all of the CBT9-related sequences were identified by weaker binding is as yet unknown. Expression in the
random genomic or cDNA sequencing and are function- hypothalamus is highest in the paraventricular, ventro-
ally uncharacterized. p4-6 was isolated by screening medial, and arcuate nuclei (Figure 6).
of a cDNA library with a rat phosphodiesterase probe
(Vambutas and Wolgemuth, 1994). The weak sequence
similarity between p4-6 and two phosphodiesterase se- Discussion
quences was initially interpreted to suggest that p4-6
By positional cloning, we have identified the defect thatalso isa phosphodiesterase.Our ownanalysis, however,
results in the tubby phenotype. This gene, CBT9, isreveals no evidence that p4-6 or any of the other CBT9-
nonrecombinant with the obesity phenotype in 1232related sequences show significant similarity to phos-
phodiesterases. meioses. The mutation is a G→T transversion in a splice
Identification of the tubby Gene
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Figure 6. In Situ Hybridization of Mouse Brain Sections with tub
(A) Antisense tub cRNA hybridization to a coronal section of a C57BL/6J mouse brain showing hybridization to the cortex (Cx), hippocampus
(Hpc), ventromedial (VMH), and arcuate regions (Arc) of the hypothalamus.
(B) Control sense tub cRNA hybridization.
(C) Antisense tub cRNA hybridization to a coronal section of a C57BL/6J mouse brain showing hybridization to the paraventricular region (Pe)
of the hypothalamus, cortex (Cx), and hippocampus (Hpx).
(D) High magnification dark- and bright-field views of the paraventricular nuclei of the hypothalamus showing hybridization of tub cRNA.
donor site resulting in a transcript containing an un- damage to the arcuate nucleus may be secondary to a
decrease in NPY levels (Morley, 1987). The precise rolesspliced intron. This defect is predicted to result in a
partial deletion of an evolutionarily conserved region of of these different regions of the hypothalamus in feeding
behavior and body weight regulation are still unclear.the protein.
tubexpression in theparaventricular (PVN), ventrome- However, the recent availability of many cloned genes
implicated in obesity, now including tub, will allow moredial (VMH), and arcuate nuclei of the hypothalamus sup-
ports a role in body weight regulation or feeding behav- precise characterization of those hypothalamic neurons
critical for body weight homeostasis.ior. Lesions in all three of these hypothalamic regions
have been shown to affect body weight or feeding The conservation between the carboxy half of the TUB
protein and sequences from human, mouse, nematode,(Mayer et al., 1955; Harris, 1990). In rats, it has been
shown that damage to thePVN results ina large increase fruit-fly, Arabidopsis, and rice suggests that this portion
of the protein represents a distinct domain with an an-in food intake and body weight gain (Gold et al., 1977).
Lesions within theVMH are associated with hyperphagia cient function. The apparent absence of a yeast homo-
log despite the near completion of the yeast genomeand severe obesity inhibited by vagotomy, implicating
the autonomic nervous system in VMH-lesioned obesity sequencing project is intriguing, since it suggests the
possibility that the TUB family of proteins may be re-(Bray, 1984). The arcuate nucleus is one of the primary
sites of expression of neuropeptide Y (NPY), a potent stricted to multicellular organisms.
The RT±PCR analysis shows the existence of at leastupregulator of carbohydrate feeding (Levine and Morley,
1984; Stanley and Leibowitz, 1985). Many of the NPY- two alternatively spliced forms of the tub transcript. Elu-
cidation of the role of the alternative transcripts awaitsproducing neurons in the arcuate nucleus project to
the PVN (Bai et al., 1985). Hypophagia associated with a functional assay for the TUB protein. It is intriguing,
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GAT CAA CCA TAA CTG C), M31Lr (CCT TCC AAG GAC TGT GCGhowever, that M. spretus differs from C57BL/6J in the
T), B2Sp6f (GAT CCC TGA AGG TAG GAC TG), B2Sp6r (CCT ATAratio of these transcripts, since an obesity-susceptibility
TAC TGT CTG AGA ATG); M36CA1f (GAT CTG CCC AGC CAC GTCQTL has been mapped to the tub chromosomal region
TCC G), M36CA1r (CCC GGG CGC TGG GGT GTA T).
on a F1 interspecific backcross between these two YAC Cloning
strains (Warden et al., 1995). It is possible that variant YACs were isolated from the Research Genetics (WIGR) mouse YAC
library and the Imperial Cancer Research Fund (ICRF)/St. Mary'ssplicing of the tub transcript by M. spretus represents
library. Both libraries were screened by PCR according to the proto-an allele at the tub locus with a less severe phenotype
cols of the supplier. Ends were isolated by vectorette±PCR (Rileythan the tubby mutation. In place of the constitutive
et al., 1989). Modified vectorette linkers were made with DdeI, BfaIobesity associated with the tubby mutation, the M.
as described previously (Kleyn et al., 1993). Following two rounds
spretus allele may confer a greater susceptibility to obe- of nested PCR, the PCR products were gel purified and directly
sity only in the context of a particular environmental and sequenced. Primers were designed from these sequences and used
to rescreen the YAC library by PCR to identify adjacent YAC clones.genetic background. This prediction can be experimen-
All the YACs were identified in the WIGR YAC library with the excep-tally verified by transfer of the M. spretus or M. casta-
tion of the YAC M84, which was identified in the ICRF/St. Mary'sneous tub allele onto the C57BL/6J background and
library.testing for susceptibility to diet-induced obesity.
BAC/P1 Cloning
The positional cloning of the tub gene has identified The same STSs used to construct the YAC contig as well as further
a molecule involved in the hypothalamic regulation of STSs derived from the YACs were used to screen the Research
Genetics mouse BAC library and the Genome Systems mouse P1body weight in the mouse. Previously, cloning of ob
library. They were screened by PCR according to standard pro-revealed that leptin, the protein it encodes, is a circulat-
tocols.ing signal of fat depot levels. Serum levels of leptin in
humans are strongly correlated with body mass index,
Gene Identification Strategysuggesting that human obesity may be insensitive to
Random sequencing and exon trapping (Buckler et al., 1991) were
endogenous leptin production (Considine et al., 1996). both employed as means of gene identification. P1s and BACs were
Common obesity may be the result of defects in leptin subcloned into a modified version of the exon trapping vector
D-pSPL3. D-pSPL3 was derived from the splicing vector pSPL3signal transduction or in other pathways independent
(GIBCO±BRL) by deletion of the NdeI (1119)±NheI (1976) fragmentof leptin. An understanding of the biochemical pathways
in the HIV tat intron to eliminate the cryptic splice-donor site atin the hypothalamus involved in body weight regulation
position 1134 in the pSPL3 sequence. The subclone libraries weremay lead to the development of effective therapies for
used for exon trapping using the GIBCO±BRL exon trapping system
obesity. Genes such as those that encode TUB, the (Cat. #18449-017) as described in the protocol of the manufacturer.
leptin receptor, NPY, and the NPY receptors provide DNA from the trapped clones was prepared by standard alkali lysis
and sequenced using vector primers. Also, in order to identify genesentries into these pathways. The challenge going for-
by random sequencing, 96 randomly selected pSPL3 clones fromward is to elucidate the biochemical pathways defined
each library were directly sequenced using vector primers. Further-by those molecules as well as to determine the interplay
more, BACs and P1s were also subcloned into M13mp18 for se-between these pathways.
quencing. Sonicated BAC or P1 DNA was electrophoresed and frag-
ments in the size range 0.8±1.2 kb were purified and cloned into
Experimental Procedures M13mp18. Both random clones and exon trapped clones were se-
quenced. All sequences were passed through an automated
Genetic Mapping sequence analysis pipeline that assessed quality, removed vector
The PCR amplification conditions for all markers were a hot start sequences, masked repetitive sequences, and then aligned the se-
with 0.15 U of AmpliTaq, followed by 30 cycles of 948C for 40 s, 558C quences to public DNA and protein databases using BLAST algo-
for 50 s, 728C for 30 s. The products were run on a nondenaturing 8% rithms (Altschul et al., 1990). Additionally, all sequences were ana-
acrylamide gel at 45 W, room temperature for 3 hr. The gels were lyzed by GRAIL 1 and 1a (Xu et al., 1994). Those sequences that
stained, postelectrophoresis, with SYBR Green I and scanned on were judged to possess coding potential on the basis of these
an Molecular Dynamics fluorimager. analyses were further evaluated by RT±PCR: Primers were selected
from these sequences and used for RT±PCR from RNA from 12
different tissues from both tubby and normal C57BL/6J mice. ThePhysical Mapping
products of these reactions were directly compared with those fromThe STS markers used to construct the physical map were genetic
mock reactions lacking reverse transcriptase to distinguish truemarkers from the Whitehead Institute for Genome Research (WIGR)
amplification from RNA from that from contaminating DNA. Thisat MIT (Dietrich et al., 1996) and markers generated in-house. The
analysis allowed rapid identification of expressed sequences as wellprimer sequences for the latter are as follows: B13T7f (GCA TGA
as a nonquantitative assessment of tissue distribution.GCA GCA CTG GTT TA), B13T7r (TCC TCT CCT TCT CAG AGC CA);
M65Lf (CGG AAT TCA GCA GTC GTA GA), M65Lr (TCC TTC TAG
GAG CAT GCT GA); CBT9f1 (GCG GAT ACA GAC TCT CTC AT), Northern Analysis and cDNA Library Screening
Total RNA was prepared from dissected mouse tissues using theCBT9r1 (GGA GAC AAA TGT CCT AGG CT); M72Rf (TGC GCA GAA
ACA ATC ACC TA), M72Rr (CAA GAC GTG AAC AAC CTG GA); RNAzol protocol (Chomczynski and Sacchi, 1987). RNAs were elec-
trophoresed in formaldehyde gels and blotted on to GenescreenRBTN1f (AAC CGC AAG ATC AAG GAC C), RBTN1r (GCC TCA GGT
AGT CGC GTC); M65Rf (GAA CAG GAC TTG GAC GTG GT), M65Rr Plus according to standard protocols. Membranes were UV-cross-
linked and hybridized to radiolabeled probe in Church buffer at 658C(AAC TCT GCA TGA CCC AGG TC); CA37f (GTA CTT AGT ATT AAC
TTC AGG TC), CA37r (TGA CCA GTG GCA TAC AGA AC); B4Sp6f for 8±20 hr. Northerns were washed to a stringency of 0.1 3 SSC/
0.5% SDS/658C. Autoradiography was performed for 3 hr±3 days(CAT GGG CTC CTC TGC CAC CC), B4Sp6r (TAA AGT GTG GAC
CAA GTA CAC); CA39f (GAG AAC AGA CTC CAC AAA TTG), CA39r using Kodak X-Omat AR film.
Approximately 1 million clones of a mouse brain cDNA library(ACC TGA GAG ACT ACA TCA GG); M74Rf (AGA CAG GAA GGG
GAA GGA AA), M74Rr (GGC CCT TCT GGA TGA GCT TA); HTS1f (Stratagene #936309)were screened with the RT±PCR product P8X1
(primers: P8X1F1: GCG GAT ACA GAC TCT CTC AT; P8X1R1: GAG(TGA AGA CAG CCT CAG CAC C); HTS1r (GAT GCT GTT TCA ATG
CTG GA); M70Lf (TGC CAA TTG TCA AAG CTC TG), M70Lr (ATC GAC AAA TGT CCT AGG CT) by filter hybridization. A 1.15 kb cDNA
clone (fume009) isolated was in turn used to screen an in-houseAAA TGC CCC ATT GGA TA); P1Sp6f (ATG GGT CTC ATC TGG AAG
GT), P1Sp6r (CTG AAA GAC TGG AAG AGG CA); M31Lf (AGC TCA mouse hypothalamus cDNA library (made from C57BL/6J RNA). This
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screen identified the clone fumh019 which contained the entire open Buckler, A.J., Chang, D.D., Graw, S.L., Brook, J.D., Haber, D.A.,
Sharp, P.A., and Housman, D.E. (1991). Exon amplification: a strat-reading frame.
egy to isolate mammalian genes based on RNA splicing. Proc. Natl.
Acad. Sci. USA 88, 4005±4009.RT±PCR Analysis and Sequencing
First strand cDNA was synthesized from total RNA using SuperScript Campfield, L.A., Smith, F.J., Guisez, Y., Devos, R., and Burn, P.
(GIBCO±BRL) according to the protocol of the supplier. Subsequent (1995). Recombinant mouse OB protein: evidence for a peripheral
PCR conditions were as follows: Hot start with 0.5 U of AmpliTaq, signal linking adiposity and central neural networks. Science 269,
followed by 30 cycles of 948C for 1 min, 558C for 1 min, 728C for 1 546±549.
min. Products were electrophoresed on 2% agarose gel. RT±PCR
Chen, H., Charlat, O., Tartaglia, L.A., Woolf, E.A., Weng, X., Ellis,
products to be sequenced were run on LMP agarose, excised, di-
S.J., Lakey, N.D., Culpepper, J., Moore, K.J., Breitbart, R.E., Duyk,
gested with b-agarase (New England Biolabs), precipitated, and
G.M., Tepper, R.I., Morgenstern, J.P. (1996). Evidence that the diabe-
resuspended in water. Sequencing and sequence assembly was
tes gene encodes the leptin receptor: identification of a mutation
carried out as previously described (International Polycystic Kidney
in the leptin receptor gene in db/db mice. Cell 84, 491±495.
Disease Consortium, 1995).
Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNAIn Situ Hybridization
isolation by acid guanidinium thiocyanate-phenol-chloroform ex-Four- to six-week-old C57BL/6 mice were anethestized and per-
traction. Anal. Biochem. 162, 156±159.fused with PBS followed by 4% paraformaldehyde (PFA)/PBS, and
brains were removed and stored in 10% buffered formalin. Coronal Claverie, J.M. (1994). A streamlined random sequencing strategy
frozen sections (10 mm) of brain were postfixed with 4% PFA/PBS for finding coding exons. Genomics 23, 575±581.
for 15 min. After washing with PBS, sections were digested with 2
Coleman, D.L. (1973). Effects of parabiosis of obese with diabetes
mg/ml proteinase K at 378C for 15 min, and again incubated with
and normal mice. Diabetologia 9, 294±298.
4% PFA/PBS for 10 min. Sections were then washed with PBS,
Coleman, D.L., and Eicher, E.M. (1990). Fat (fat) and Tubby (tub):incubated with 0.2 N HCl for 10 min, washed with PBS, incubated
two autosomal recessive mutations causing obesity syndromes inwith 0.25% acetic anhydride/1 M triethanolamine for 10 min, washed
the mouse. J. Hered. 81, 424±427.with PBS, and dehydrated with 70% ethanol and 100% ethanol.
Hybridizations were performed with 35S-radiolabeled (5 3 107 cpm/ Considine, R.V., Sinha, M.K., Heiman, M.L., Kriauciunas, A., Ste-
ml) cRNA antisense and sense probes encoding a 1.15 kb segment phens, T.W., Nyce, M.R., Ohannesian, J.P., Marco, C.C., McKee,
of the coding region of the mouse tub cDNA (clone fume009) in the L.J., Bauer, T.L., and Caro, J.F. (1996). Serum immunoreactive-leptin
presence of 50% formamide, 10% dextran sulfate, 13 Denhardt's concentrations in normal-weight and obese humans. N. Engl. J.
solution, 600 mM NaCl, 10 mM DTT, 0.25% SDS, and 100 mg/ml Med. 334, 292±295.
tRNA for 18 hr at 558. After hybridization, slides were washed with
Dietrich, W.F., Miller, J., Steen, R., Merchant, M.A., Damron-Boles,
53 SSC at 558, 50% formamide/23 SSC at 558 for 30 min, 10 mM
D., Husain, Z., Dredge, R., Daly, M.J., Ingalls, K.A., O'Conner, T.J.,
Tris±HCl (pH 7.6)/500 mM NaCl/1 mM EDTA (TNE) at 378 for 10 min,
Evans, C.A., DeAngelis, M.M., Levinson, D.M., Kruglyak, L., Good-
incubated in 10 mg/ml RNAse A in TNE at 378 for 30 min, washed
man, N., Copeland, N.G., Jenkins, N.A., Hawkins, T.L., Stein, L.,in TNE at 378 for 10 min, incubated once in 23 SSC at 508 for 30
Page, D.C., and Lander, E.S. (1996). A comprehensive genetic map
min, twice in 0.23 SSC at 508 for 30 min, and dehydrated with 70%
of the mouse genome. Nature 380, 149±152.
ethanol and 100% ethanol. Localization of mRNA transcripts was
European Backcross Collaborative Group. (1994). Towards high res-detected by dipping slides in Kodak NBT-2 photoemulsion and ex-
olution maps of the mouse and human genomesÐa facility for order-posed for 4 days at 48.
ing markers to 0.1 cM resolution. Hum. Mol. Genet. 3, 621±627.
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